Hereditary tyrosinemia type I (HTI) is a metabolic genetic disorder caused by mutation of fumarylacetoacetate hydrolase (FAH). Because of the accumulation of toxic metabolites, HTI causes severe liver cirrhosis, liver failure, and even hepatocellular carcinoma. HTI is an ideal model for gene therapy, and several strategies have been shown to ameliorate HTI symptoms in animal models. Although CRISPR/Cas9-mediated genome editing is able to correct the Fah mutation in mouse models, WT Cas9 induces numerous undesired mutations that have raised safety concerns for clinical applications. To develop a new method for gene correction with high fidelity, we generated a Fah mutant rat model to investigate whether Cas9 nickase (Cas9n)-mediated genome editing can efficiently correct the Fah. First, we confirmed that Cas9n rarely induces indels in both on-target and off-target sites in cell lines. Using WT Cas9 as a positive control, we delivered Cas9n and the repair donor template/single guide (sg)RNA through adenoviral vectors into HTI rats. Analyses of the initial genome editing efficiency indicated that only WT Cas9 but not Cas9n causes indels at the on-target site in the liver tissue. After receiving either Cas9n or WT Cas9mediated gene correction therapy, HTI rats gained weight steadily and survived. Fah-expressing hepatocytes occupied over 95% of the liver tissue 9 months after the treatment. Moreover, CRISPR/Cas9-mediated gene therapy prevented the progression of liver cirrhosis, a phenotype that could not be recapitulated in the HTI mouse model. These results strongly suggest that Cas9n-mediated genome editing is a valuable and safe gene therapy strategy for this genetic disease.
Hereditary tyrosinemia type I (HTI) 4 is a rare autosomal recessive liver disease caused by mutations in the enzyme fumarylacetoacetate hydrolase (FAH) (1) . Defects in the FAH gene will cause the accumulation of hepatorenal toxic metabolites, including fumarylacetoacetate and maleylacetoacetate (2) . These metabolites lead to severe liver and kidney damage, for example, liver failure, cirrhosis, hepatocellular carcinoma, and Fanconi syndrome (3) . Current primary treatment for HTI is 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC), a potent inhibitor of an enzyme upstream of FAH to prevent the generation of toxic metabolic intermediate products (2) . However, a small proportion of the HTI patients respond poorly to the NTBC treatment, calling for alternative strategies that can fix the mutations in the Fah gene, for instance, gene therapies (4) .
The revolutionary CRISPR/Cas9 technology is one of the most promising tools for genetic modification and therapy of genetic diseases. The programmable nuclease Cas9 is directed by a single guide RNA (sgRNA) to efficiently generate a double strand break (DSB) at a DNA target site (5) . Site-specific DSBs are repaired simultaneously in the cells by two major mechanisms, the error-prone nonhomologous end-joining (NHEJ) pathway or the high fidelity homology-directed repair (HDR) pathway (6) . Both of the above DNA repair pathways are exploited for gene therapy studies that use NHEJ to delete dominant active mutations or HDR to repair loss-of-function mutations (7, 8) . Through HDR-mediated gene correction, several groups, including ours, have shown the feasibility of CRISPR/ Cas9-mediated gene therapy in adult animal disease models, including mouse HTI, hyperammonemia, hemophilia, and other models (8 -11) . However, because HDR efficiency is usually much lower than NHEJ efficiency in Cas9-transduced cells in vivo, most of the DSBs are repaired through the NHEJ pathway to generate numerous undesired indels in the on-target site. It is well-known that a portion of genetic disorders are caused not by null mutations of genes but by point mutations leading to reduction of mRNA expression or protein activity. Large amounts of undesired on-target mutations could ablate the residual function of the original protein, threatening the safety of patients. Additionally, a recent study reported that Cas9-induced on-target indels had unexpected counteractive effects, which made the phenotype of the spf ash mice more severe (11) . This observation raises a critical issue of how to reduce the undesired indels in genome editing-mediated gene therapy.
Cas9 functions through two catalytic domains, a HNH domain and a RuvC-like domain. Introduction of a single amino acid substitution (usually D10A or H840A) in either of the domains generates the Cas9 nickase (Cas9n), which only creates a single strand break in targeted sites (12) . Because a single strand DNA nick is predominantly repaired by the precise base excision repair pathway or HDR pathway (13) (14) (15) , Cas9n is able to reduce both off-target and on-target indels in cells and embryos (12, 15) . However, current usage of Cas9n is mainly focused on reducing the frequency of off-target events through a double-nicking strategy (16, 17) . Hence, whether Cas9n-induced high fidelity DNA repair is feasible to correct genetic mutations for in vivo gene therapy is an area of active investigation. To test the therapeutic effects of Cas9n, we generated a rat HTI model with a 10-bp deletion in exon 2 of the Fah gene through the Cas9 system as previously described (18) . As HTI rats are the only model to produce liver fibrosis and cirrhosis, we also evaluated whether gene therapy could prevent or reduce liver damage after long-term observation. A two-vector system was generated to deliver sgRNA/donor template and WT Cas9 or Cas9n through the tail vein into adult HTI rats. Through parallel comparisons, we demonstrated both Cas9 and Cas9n-mediated genome editing could correct the 10-bp Fah deletion in hepatocytes, which expanded in the absence of NTBC treatment and occupied 95% of the liver tissue after 9 months of the treatment. More importantly, unlike WT Cas9, which induced numerous on-target indels, Cas9n did not generate undesired mutations in the sites examined suggesting that Cas9n-mediated genome editing is a valuable and high fidelity gene therapy strategy for some genetic diseases.
Results

Cas9n induced less indels than WT Cas9 in cultured cells
To confirm that Cas9n-induced SSBs are precisely repaired in cells with greatly reduced on-target and off-target indels, we compared the indel rates induced by Cas9 and Cas9n (the D10A mutant of SpyCas9 used in this study) in the EMX1 and VEGFA loci by two sgRNAs, which had been reported to frequently induce off-target mutations (16) ( Fig. 1A ; Table S2 ). 48 h after transfection, targeted genomic fragments were PCR-amplified and cloned into TA vectors for sequencing. For each targeting site, 90 clones were sequenced. In accordance with previous publications (15, 17) , WT Cas9 generated significantly higher indel rates in both on-target sites (41.75 and 42.16%, respectively) ( Fig. 1B) . Moreover, the indel sizes created by WT Cas9 ranged from Ϫ100 to ϩ108 bp, showing an unpredictable pattern of NHEJ-induced indels (Fig. S1 , A and C). On the other hand, Cas9n only created nucleotide substitutions at a low rate in on-target sites of the EMX1 locus (0.74%) but not in the VEGFA locus ( Fig. 1B; Fig. S1B ). Consistently, Cas9n induced rare off-target mutations in only one of the VEGF off-target sites (0.43% in OT-3-1), whereas off-target events caused by WT Cas9 were detected in each site tested, ranging from 0.81% for the lowest (OT) to 41.84% for the highest (OT-3-1), with the largest indel up to 57 bp ( Fig. 1C; Fig. S2 , A-C). Our results suggest that Cas9n induces indels extremely rarely.
Generation and characterization of the rat HTI model
Earlier studies demonstrated that the rat HTI model recapitulates the key chronic symptoms of human HTI patient's liver fibrosis/cirrhosis (18, 19) . In recent reports, the majority of the studies used point mutation animal models to test the feasibility of Cas9-mediated gene correction to treat genetic diseases (8, 10, 11, 20) . In this study, we sought to generate a disease model with more nucleotide mutations to investigate the efficiency and efficacy of Cas9-mediated gene therapy. We generated a novel Fah mutant (Fah ⌬10/⌬10 ) rat strain in the Sprague-Dawley genetic background with a 10-bp deletion in exon 2 from a different founder than previously reported (18) (Fig. 2, A and B ; Table S2 ). We confirmed that Fah expression is absent in the liver of homozygous mutants but not in WT or heterozygous rats by immunohistochemistry ( Fig. 2C ). After withdrawal of NTBC for 4 weeks the severe liver cirrhosis resulting from HTI was visualized by Masson's trichrome staining ( Fig. 2D ). Also, numerous activated hepatic stellate cells were detected by immunohistochemical staining of ␣-smooth muscle actin (␣-SMA) ( Fig. 2E ). Serum biomarkers including aspartate aminotransferase (AST), alanine aminotransferase (ALT), and total bilirubin (TBIL), rose significantly, indicating severe liver damage in the Fah ⌬10/⌬10 rat ( Fig. 2F ). Thus, we successfully generated a Fah knockout rat that mimicked human HTI.
Cas9n corrected the Fah gene in the rat HTI model with no ontarget indels in vivo
Next, we investigated the ability of Cas9n to genetically correct the rat HTI model in vivo using WT Cas9 as a control. As we previously described (9), recombinant adenovirus was used for packaging Cas9, Cas9n, and the sgRNA/donor template, named AdV-Cas9, AdV-Cas9n, and AdV-HDR, respectively. Cas9 or Cas9n was linked with mCherry through a T2A selfcleaving peptide. The sgRNA and the corrective donor template with 800-bp homology arms on each side of the 10-bp deletion site were inserted into a GFP-expressing vector. We also introduced several silent mutations into the HDR template to prevent re-digestion of the repaired genome ( Fig. 3A, left) . Immunogenicity is the major side effect of AdV-mediated gene therapy (9) . To avoid the curative effect being masked by an AdV-induced immune response, a low AdV dose was used to treat the HTI rats. Specifically, 1 ϫ 10 10 vector genomes (vgs) of AdV-HDR and 1 ϫ 10 10 vgs of AdV-Cas9 or AdV-Cas9n were
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injected into 4-week-old rats through the tail vein on day 0 ( Fig.  3A, right) . The control groups received only 1 ϫ 10 10 vgs of AdV-HDR or PBS (Table S1 ). On day 7, partial hepatectomy was performed and the tissues were collected for initial infection and genome editing efficiency analyses. Both GFP-and mCherry-positive hepatocytes were detected in the treated groups and the initial infectious rate was estimated to be 20 -30% ( Fig. 3B ). Genomic fragments containing the targeted site were amplified and cloned into TA vectors. Sequencing of 98 clones from each group detected a 10.2% indel rate in AdV-Cas9-infected livers, with random indel sizes from Ϫ50 to ϩ36 bp ( Fig. 3C; Fig. S3 ). More importantly, no indels were identified in the AdV-Cas9n-infected group, which is consistent with our in vitro findings that Cas9n induces extremely few indels at the on-target site compared with WT Cas9. However, we did not detect any clone containing the perfectly fixed Fah sequence among the 98 clones sequenced in each group, suggesting very low repair efficiency. Alternatively, we employed immunohistochemistry to detect Fah-positive cells to examine the initial correction rate. Indeed, sporadic Fah-positive cells were discovered in liver tissues from both Cas9-and Cas9n-treated groups with a similar low efficiency, estimated at about 0.1% (Fig. 3D ). These data suggested that AdV-delivered Cas9n did induce HDR and correct the genetic mutations in vivo. Moreover, Cas9n largely reduced the introduction of uncontrollable on-target indels, minimizing the risks from the NHEJ-mediated frame shifts and large deletions. 
Repopulation of the initially repaired hepatocytes in vivo
It has been demonstrated that Fah knockout rats can be rescued by WT hepatocyte transplantation and the transplanted cells were able to repopulate the whole liver (18) . To check whether those initially repaired cells in our experiment can expand normally and take over the mutant cells, all rats were subjected to one cycle of NTBC withdrawal and re-feeding for 8 days and then left untreated for body weight monitoring. In the PBS and the AdV-HDR only control groups, the body weight of the rats sharply decreased 4 weeks after injection and none of them survived through day 40 of the experiment (Fig. 4A ; Table   S1 ). In contrast, similar to the AdV-Cas9/AdV-HDR-treated group, rats (3 of 4) that received AdV-Cas9n/AdV-HDR gained weight steadily 5 weeks after the treatment and the body weight ratio almost doubled on day 96 (Fig. 4A ). In the meantime, liver damage conditions of both treated groups were monitored by periodic assessment of AST, ALT, and TBIL. As expected, all three markers declined gradually from high serum levels, indicating the acute liver damage after NTBC withdrawal and the gradual expansion of the repaired cells ( Fig. 4B ). Three months after the treatment, rat liver tissues were obtained via partial hepatectomy for further evaluation. 
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Through IHC analyses, we discovered Fah ϩ -cell-formed patches occupying over 60% of the livers in the AdV-Cas9ntreated group, which was comparable with the AdV-Cas9 group, suggesting successful restoration of repaired hepatocytes via expansion of those initially repaired cells (Fig. 4C ). At this stage, liver damage markers (AST, ALT) were substantially reduced to normal levels compared with the NTBC off control group (Fig. 5A ). Furthermore, DNA sequencing of 150 clones containing the mutated Fah site suggested that both Cas9 and Cas9n-mediated genome editing precisely repaired the 10-bp deletion in the Fah gene (Fig. 5B ). These results above indicated that the repaired hepatocytes gradually expanded and rescued the liver from hepatic damage
Progression to liver cirrhosis is rescued by repopulation with repaired hepatocytes
The key chronic manifestation of human HTI is severe liver fibrosis/cirrhosis. Nevertheless, due to the characteristics of the mouse HTI models, previous reports were not able to reveal whether CRISPR/Cas9 rescue in mouse HTI models also rescued mice from progression to liver cirrhosis (8, 10) . Taking advantage of the rat HTI model, we examined liver fibrosis and 
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cirrhosis in rat HTI liver tissues. Interestingly, although we did discover fibrous septa with strong collagen deposition in both groups by Sirius Red staining 3 months after the injection, we did not detect any activated hepatic stellate cells (HSCs) in the Cas9-or NTBC-treated liver slides as indicated by ␣-SMA staining (Fig. 5C ). HSCs are the inducer of fibrosis and the main source of collagen production (21) . The mismatch between Sirius Red and ␣-SMA staining may be explained if collagen was produced earlier when repaired hepatocytes were still in the minority. To confirm whether the HSCs were truly reversed to a quiescent state, AdV-Cas9n-treated HTI rats were analyzed at 9 months after injection. We found that Fah-positive cells expanded to ϳ95% of the liver tissue ( Fig. 4C ) and the collagen deposition was significantly narrowed compared with rats treated for 3 months (Fig. 5C ). This result suggested that liver fibrosis had already ceased 3 months after treatment.
Off-target and immune response analyses
Finally, we checked the two major side effects of the adenovirus-delivered CRISPR/Cas9 system: immune response and off-target events. We examined the mRNA levels of interleukin 6, interferon-␤1, and interleukin 10 in the treated groups and the untreated WT group via RT-PCR. The low dose of AdV vectors only elicited a mild immune response as indicated by their relative liver cytokine mRNA levels (Fig. 6 ). Next, the offtarget sites were predicted using the algorithm from the webbased tool (http://crispr.mit.edu). 5 The top 10 predicted offtarget sites were PCR-amplified and deep sequenced to analyze the indel rate (Table S2) . As a result we did not find a signifi- 
Correction of hereditary tyrosinemia via Cas9n
cantly higher indel rate in either Adv-Cas9 or the Adv-Cas9ntreated groups than in the control group that only received PBS. Our results are consistent with previous discoveries that Cas9 induced off-target effects less frequently in vivo than in cells (22, 23) .
Discussion
Human HTI patients have mutation(s) in the FAH gene leading to accumulation of toxic intermediates in the tyrosine metabolic pathway. NTBC efficiently prevents liver and kidney damage in the majority of HTI patients by blocking the upstream tyrosine metabolic enzymes, however, some patients do not respond to NTBC treatment for unknown reasons (24) . In addition, NTBC treatment with a low tyrosine/phenylalanine diet only ameliorates the symptoms but does not completely cure the disease (25) . A current clinical cure of HTI is liver transplantation. However, the shortage of donor organs and the risk of graft versus host disease after the surgery are major obstacles confronting the patients. In this study, we cured HTI in a rat model by fixing the mutant Fah gene bearing a 10-bp deletion via delivery of two adenovirus-packaged elements, Cas9/Cas9n and a sgRNA-donor template, demonstrating the feasibility and advantages of nicking nuclease-facilitated in vivo gene therapy for genetic diseases. 
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HTI is an ideal model for gene therapy studies, because the hepatocytes, which obtain Fah expression have a repopulation advantage. However, all previous HTI gene therapy studies have used the mouse model, which does not develop liver fibrosis and cirrhosis. As liver cirrhosis is the key chronic manifestation of hereditary tyrosinemia type I in patients, it is critical to evaluate the symptoms after gene therapy treatment. The characteristics of the rat HTI model enabled us to monitor the effect of gene therapy on liver cirrhosis. Three months after treatment, activated HSCs were undetectable suggesting greatly reduced fibrogenic activity. More importantly, the deposition of collagen decreased gradually and Sirius Red staining positive signals almost disappeared at 9 months after treatment. This is similar to our previously reported findings that progression to liver cirrhosis was largely prevented after transplantation of WT hepatocytes into HTI rats (18) . Our study demonstrates the potential effects of gene therapy to ameliorate HTI-induced liver fibrosis and cirrhosis.
Different strategies of gene therapy have been employed to treat the HTI model. For example, Paulk and others (26 -28) showed that delivery of AAV donor templates spontaneously induced HDR in HTI mouse hepatocytes to ameliorate the disease. However, the autonomous HDR efficiency is extremely low and required a high virus titer (up to 10E11) and long homology arms. Numerous studies have shown that programmable nucleases induce DSBs that greatly stimulated HDR and they have been actively studied for gene therapy research. It is known that a DNA single strand nick could also induce HDR and avoid indels (14, 15) , but it remains to be tested whether the customized nickases are applicable for high fidelity in vivo gene therapy. To avoid single-stranded DNA template-induced spontaneous HDR as observed in AAV vectors, we used an AdV vector, which is a double-stranded DNA vector and usually does not induce HDR with short homology arms. It was also confirmed in our experiments that HTI rats solely injected with sgRNA-donor templates could not survive in the absence of NTBC treatment. Delivery of Cas9n together with sgRNA-donor templates repaired the Fah mutation and ameliorated HTI liver damage in rats, suggesting that Cas9n induced site-specific DNA nicks that stimulated HDR efficiently. However, the initial correction rate in total hepatocytes was about 0.1%, which is very low due to many reasons. The main reason is that singlestranded DNA nicks are quickly repaired by the base excision repair pathway and only a small proportion of nicks are repaired through the HDR pathway. Second, the sgRNA activity was not high because the initial indel rate induced by WT Cas9 was only about 10% and the HDR rate was similar to Cas9n. The reason why we used this sgRNA was that it spans the 10-bp deletion region and would not re-digest the repaired alleles because it only recognizes the mutant Fah allele. Through screening for higher efficiency sgRNA targets, it is highly possible to increase the HDR rate for in vivo gene therapy. Third, to decrease AdV-induced hepatic toxicity, we used a relatively low viral titer and the infection efficiency was about 30% for each virus. Because we used a two-vector system to deliver both Cas9/Cas9n and sgRNA/donor templates, the HDR efficiency is greatly affected due to the low ratio of doubleinfected cells. As AdV has a maximum capacity of packaging 30-kb DNA fragments, a single vector AdV system should have a much higher repair efficiency for future applications.
Although recombinant AdVs have many advantages over other viral gene delivery systems, such as extremely efficient transduction of most tissues, a large packaging capacity and lack of integration into the host genome, its higher immunogenicity and toxicity add safety concerns to its clinical implementation. We previous showed that AdV-induced toxicity negatively affected Cas9-mediated gene correction therapy in a hemophilia model (9) , but in this study HTI was completely cured, suggesting AdV as a gene delivery system has potential applications for certain diseases. Patients will greatly benefit from gene correction therapy through the AdV delivery system if further engineering of the AdV succeeds in reducing adenoviral immunogenicity and the innate immune response to the vector can be safely managed. Cas9n-induced HDR is sufficient to achieve precise gene correction and cure the genetic disease, whereas inducing minimal, if any, unpredictable indels that would ablate residual gene expression or create new dominantnegative proteins. Although Cas9n-induced initial HDR efficiency is not high, we believe that with the combination of other methods, as demonstrated by Nygaar and colleagues (30), Cas9n-mediated precise genome editing is a promising strategy for therapeutic applications in a range of genetic diseases.
Experimental procedures
Animal experiments
All rats (SLAC, Shanghai) were supplied with sufficient food (irradiated) and water (autoclaved) and maintained under a 
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12-h light cycle. The Fah ⌬10/⌬10 rat was created via the CRISPR/ Cas9 technology as previously reported using the sgRNA targeting rat Fah gene (Table S2) (31) . Primers for genotyping are listed in supporting Table S2 . When homozygous Fah ⌬10/⌬10 rats were obtained, they were kept under NTBC treatment until they reached 6 weeks of age, at which point they were subjected to the experiment. All animal experiments conformed to the regulations drafted by the Association for Assessment and Accreditation of Laboratory Animal Care in Shanghai and were approved by the East China Normal University Center for Animal Research.
Construction of the adenovirus vectors and virus production
AdV-Cas9/AdV-Cas9n and AdV-HDR were produced by Obio Technology (Shanghai) using the AdMax packaging system. Adenovirus serotype 5 was used in this study because it has been widely used in clinical research (32, 33) .
Cell culture and transfection
HEK293T cells were cultured in Dulbecco's modified Eagle's medium supplied with 10% FBS. Cells were seeded into a 12-well plate at 3 ϫ 10 5 cells per well and cultured overnight. The next day, 1.2 g of pX300 plasmid and 400 ng of U6-sgRNA amplicon were transfected into each well. 48 h after transfection, cells were harvested to extract the genomic DNA.
Indel rate assessment
For indel rate assessments by TA cloning, HEK293 or rat liver genomic DNA was extracted by phenol/chloroform and used as template to amplify the fragments containing the corresponding on-target or off-target sites. PCR products were then TA cloned into the pMD18-T (Takara, catalog number 6011) vector for Sanger sequencing. For indel rate assessments by deep sequencing, off-target sites corresponding to the targeting sgRNA were predicted by the web-based tool (crispr.mit.edu). 5 For the top 10 predicted sites, DNA surrounding the potential cleavage sites were amplified by primers with unique barcodes. The amplicons were purified and sent for deep sequencing analysis by GENEWIZ (China). Any indel within 20 bp up-or downstream of the predicted cleavage sites is considered as a potential off-target event. The NGS data of this study have been submitted to the Sequence Read Archive database (accession number PRJNA433082). All target sites and primers in this study are listed in Table S2 .
Tail vein injection of adenoviral particles
All adenoviral particles were diluted with PBS (pH 7.5) to adjust the final injection volume to be 800 l. For each group, four Fah ⌬10/⌬10 rats (2 male, 2 female) were used. The treated group received 1 ϫ 10 10 vgs of Adv-HDR and 1 ϫ 10 10 vgs of Adv-Cas9n or Adv-Cas9. Control groups were injected with 1 ϫ 10 10 Adv-HDR in 800 l of PBS or 800 l of PBS only.
Partial hepatectomy, immunohistochemistry, and immunofluorescence
Partial hepatectomy was carried out 1 week after the adenoviral treatment. Rats were anesthetized by isoflurane and placed on a 37°C warming pad. Thereafter, surgery was performed according to the previous report (29) . About 30% of the liver was sectioned. For immunohistochemistry, liver tissues were freshly fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 4 m. Liver slides were stained with anti-Fah (AbboMax, San Jose, CA) antibody for Fah expression or anti-SMA antibody (Abcam) for fibrosis measurement. For immunofluorescence, liver tissues were fixed in 4% paraformaldehyde, dehydrated in increasing concentrations of sucrose, and embedded in OCT. 4-m liver sections were rinsed in PBS, stained with 4Ј,6-diamidino-2-phenylindole, sealed, and observed under the microscope. The infection efficiency was determined by manually counting the infected cells (green or red) using the ImageJ software.
Measurement of serum markers and cytokine mRNA levels
Rat blood was collected via retro-orbital bleeding and kept at 4°C for 30 min. The supernatants were then transferred into a new tube followed by centrifuging at 900 ϫ g for 10 min at 4°C. The collected plasma was sent to Adicon Clinical Laboratories, Inc. (Shanghai, China) to measure liver damage markers. To check the cytokine levels, total mRNA from liver tissue was isolated with RNAiso Plus (TaKaRa) and subjected to RT-PCR. PCR primers are listed in supporting Table 2 . 
